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INTRODUCTION
The systems operating at one micron based on Yb 3+ emission sensitised by Nd 3+ codoping have been drawing much attention because of their potential applications in solar energy concentrators and high energy lasers [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . The multiple absorption bands of Nd 3+ in the regions of UV-visible-NIR could facilitate an effective utilization of solar spectrum and thus providing a variety of pumping options for Yb 3+ ions to fluoresce at around 1 µm, which lies just above the band gap of Si (~1.1 eV). Apart from this, the broadband emission of Yb 3+ ions along with a reasonable emission cross-section having high storage capacity opens up greater opportunity for ultra-short pulsed lasers in advanced applications including thermonuclear fusion reactions [12, 13] . In this context, the primary requirement lies in the selection of an appropriate host possessing efficient Nd 3+ → Yb 3+ energy transfer, which has become a subject of interest for many researchers.
For Nd 3+ → Yb 3+ system, the energy transfer could be a resonant or a non-resonant (phonon assisted) process depending on the spectral overlap between donor's emission and acceptor's absorption. Recently, a resonant Nd 3+ → Yb 3+ energy transfer has been reported in a ferroelectric Sr 0.6 Ba 0.4 Nb 2 O 6 laser crystal with an efficiency reaching up to 50% for 10 at% of acceptor concentration [10] . However, for most of the systems studied, the energy transfer occurs through the phonon assistance owing to the spectral mismatch between Nd 3+ -Yb 3+ ions [1] [2] [3] [4] [5] [6] [7] [8] [9] . A good matching of host phonon energy (E ph ) with the energy difference between excited levels 4 , yielding an energy transfer efficiency more than 90% [14, 15] . Thus the selection of an appropriate host material has become more crucial for the Nd 3+ -Yb 3+ codoped system in demonstrating an efficient sensitised luminescence. In this regard, the metaphosphate glasses are of interest due to their phonon energy laying around 1000 -1200 cm -1 in combination with the chain like glass network providing superior doping ability [16] . From our initial work on Nd 3+ doped metaphosphate glasses, it was found that the alkali-free barium-alumino-metaphosphate glasses possess better water resistivity, higher energy storage capacity, optimum emission cross-section and other spectroscopic properties comparable to the commercial laser glasses [17] . This has led us to investigate the International) fitted with double monochromators on both excitation and emission channels.
The instrument is equipped with LN 2 cooled gated NIR photo-multiplier tube (Model: NIR-PMT-R1.7, Hamamatsu) as detector for acquiring the data from both steady-state spectra and phosphorescence decay. For performing decay measurements on the same equipment, a 60W
Xenon flash lamp was employed as an excitation source. All the measurements were carried out by placing the samples at 60 0 to the incident beam and the signals were collected from the same surface at right angle to the incident beam. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . According to Forster-Dexter theory, the energy transfer probability ( ET P ) depends on the spectral overlap integral resulting from donor's emission and acceptor's absorption [18] . However, for certain donoracceptor system, the spectral overlap may be poor owing to the non-resonant transitions. In such cases, the host lattice vibrational energy (phonon) contribute to energy transfer by bridging the energy difference and the energy transfer probability can be estimated using the phonon modified spectral overlap integral given as [3] 
THEORETICAL BACKGROUND
where, 
where, τ Nd and τ Nd-Yb are the Nd 3+ fluorescence decay time for singly and codoped samples respectively. The donor fluorescence decay kinetics has another importance in retrieving the key information regarding donor-acceptor coupling interactions and their energy transfer microparameters with the aid of certain theoretical models. At low donor concentration, the energy transfer follows direct donor to acceptor path and the Inokuti -Hirayama model can be used for decay analysis [19] (
where, N A is acceptor ion concentration, Г is Euler's gamma function, s is electrostatic interaction parameter (s = 6 for dipole-dipole interactions) and C DA is the microscopic energy transfer parameter between donor and acceptor. C DX (X = A or D) is an intrinsic parameter of respective host material and it can be estimated using the relation [17, 20] ( ) ( )
where, c is the velocity of light in vacuum, n is the refractive index and
are the emission and absorption cross-sections of donor and acceptor/donor respectively. However, if the energy transfer is phonon assisted, it has to be taken into account while calculating the energy transfer microparameters using above relation. It can be done by constructing the Stokes phonon sidebands to the absorption and emission cross section spectra with the help of exponential law proposed by Auzel as given below [21, 22] ( )
where, ∆E is the energy mismatch between electronic and vibronic transitions and α S is the host dependent parameter for Stokes transitions represented as
where, N is the number of phonons required for bridging the energy gap, S 0 is the electronphonon coupling constant (≈0.04), hν max is the maximum phonon energy of host, k is Boltzmann constant and T is temperature.
The C DD term defines the donor-donor energy migration microparameter. At high donor concentration, the donor to acceptor energy transfer takes place through donor-donor energy migration mechanism. If C DD > C DA , the migration occurs through hopping mechanism and the Burshtein model can be applied for decay analysis given by [17] ( )
where W m is called as migration parameter.
Apart from the donor-acceptor energy transfer and donor-donor energy migration, luminescence self-quenching through cross-relaxation mechanism among nearest neighbouring donor ions is an important factor in view of the sensitized luminescence [23] .
For Nd 3+ ions, the self-quenching occurs through 4 
RESULTS AND DISCUSSION

A. Absorption and Sensitised Luminescence Spectra
The room temperature UV- transfer, the energy transfer probability (P ET ) have been calculated for different phonon energies using Eq. (1). Figure 4 (a) furnishes the variation of energy transfer probability (P ET ) as a function of phonon energy (E ph ) in the range of 300 to 1300 cm -1 . It is observed that the energy transfer probability increases with the increase in phonon energy and attains a maximum for the phonons having energy in the range of 900 -1200 cm -1 . This exactly matches with the phonon energy of presently studied barium-alumino-metaphosphate glasses as depicted in the FTIR reflectance spectra in Fig. 4(b) ; exhibiting strong absorption bands at 920 cm -1 and 1110 cm -1 due to asymmetric vibrational transitions of (P-O-P) group and nonbridging (P-O -) group respectively [24].
C. Nd 3+ → Yb 3+ Energy Transfer Efficiency and Microparameters
The energy transfer efficiency, η ET has been estimated for all the codoped glasses by using Eqs. (2) and (3). Figure 5 Table I along with the energy transfer efficiency (η ET ) [4, 25] . The obtained energy transfer efficiency from both emission data and donor luminescence decay are found to be more than 95% for BAP-NdYb90 glass demonstrating an efficient energy transfer in present host.
For designing a laser device based on sensitised luminescence, it becomes essential to understand the exact nature of coupling interactions (dipole-dipole in this case [17, 25] ) between donor-acceptor as well as the microscopic energy transfer parameters, C DA among donor-acceptor, donor-donor and other quenching centres [23] . This can be done by analysing the donor luminescence decay profiles with the help of certain theoretical models. Generally, the donor-acceptor energy transfer takes place through different mechanisms such as direct energy transfer or donor-donor migration assisted energy transfer, which could further subdivided in diffusion limited or hopping limited migration. Thus the selection of an appropriate theoretical model is considered to be playing a crucial part in the decay analysis. Figure 9 presents the emission spectra of codoped samples upon excitation at 951 nm, which exhibits a excitation to cause the observed luminescence quenching. This has been further confirmed from the Yb 3+ luminescence decay spectra as presented in Fig. 10 . The decay time is almost constant for low Yb 2 O 3 concentration, but it falls rapidly above 3 mol%, which may be due to the energy migration among Yb 3+ ions as migration becomes significant at higher concentrations.
At Yb 2 O 3 concentration as low as 0.05 mol%, the migration effect is assumed to be negligible and the decay profile of BAP-NdYb005 glass has been analysed using direct energy transfer based Inokuti-Hirayama model for the evaluation of Nd 3+ ← Yb 3+ energy transfer microparameter. Figure 11 s -1 , which shows a notable deviation from the value obtained from decay analysis. This difference is due to the ambiguity in considering the phonon assistance FTIR reflectance spectrum of Ba-Al-metaphosphate glass. 
